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ABSTRACT | /Vé;(?’_B

The VLF electrometer on the Lockheed-Aerospace P-11 satellite,

1()9_3__

196k4-L45A, sampled ambient electric fields in the frequency range 1.7 -

4.5 kc/s. Tape recorded data for sixteen full orbits were obtained between
15 August 1964 and 13 September 1964. A complete description of the experi-
ment 1is glven and all of the results are displayed and analyzed. It is
argued that the observed fields generally represent electrostatic plasma
oscillations in the ambient medium, and various sources of the large
nonequilibrium noise enhancements are considered. It is noted that d-c
electric fields parallel to the geomagnetic field lines (possibly
assoclated with the flute instability) could produce the large amplitude

plasma oscillations and related phenomena. P

Aunthn

N66 32725

o

o

- (ACCEs |

= SION NU ;

z | NUMBER) {THRU) i

g A j

: {

5 (PAGES) (CODE) !

S

2 1
CR OR TMX OR AD NUMBER) "«caTEGorm '

GPO PRICE s

@ https:/intrs.nasa.gov/search.jsp?R=19660023432 2018-07-24T23:50:46+00:00Z

CFSTI PRICE(S) $

*
Formerly TRW Space Technology La‘ooratories‘

Hard copy (HC) s

nezle, /"7 EDN . [ )\J\(/

e Yy |
e (_JZ# 7 ) ,7(1 Q i- Microfiche (MF) Z5

ff 653 July 65




E
¥
P
5

1. INTRODUCTION

ﬁ On August 15, 1964 the P-11 spacecraft 1964-LS5A carried into & near
polar orbit an a-c electrometer capable of measuring VLF electric fields in
the frequency range 1.7 to 14.5 kc/s. Recently Scarf, Crock, and Fredricks

1 (1965; henceforth referred to as SCF) published a preliminary report on the

‘ electric field measurements in which it was argued that the instrument had
detected large amplitude ion plasma oscillations. In this paper we present

| a comprehensive summary of the observations and assess the significance

of the results.

Section II contains a description of the spacecraft orbit, the
operation of the electrometer, the orientation of the antenna, and wake
effects which supplements the discussion in SCF. The full data for sixteen
tape-recorded orbits are displayed and discussed in Section III, and for
elght orbits the field measurements are also correlated with observations
of precipitating electrons having E > 40O kev. The total amount of data
discussed is thus guite large, but since this experiment is the first of
its kind it appears necessary to examine the measurements for many orbits
in order to establish repetitive patterns and the range of variability. It
1s argued in Sections II, IIT that the instrument has not generally detected
the electric field noise spectrum associated with the ion cyclotron reso-
nance or harmonics, the hybrid resonances, shot noise, photoelectron emis-
sion, whistler signals, wake disturbances, or on-board interference.

Sheath effects also appear to be Insignificant, and it is therefore con-
cluded that the measured fields represent electrostatic ion waves in the
ambient plasme. Although the opportunities for comparison are quite limi-
ted, it is shown that the appearance of precipitating energetic electrons
generally is correlated with the detection of enhanced plasma oscillation
fields.

The significance cf these observations 1is discussed in Section IV.
The evidence suggests very strongly that the magnetosphere and upper iono-
sphere are in a state of marginal stability with respect to a generalized
form of two-stream instability associated with an anisctropic velocity
distribution, and various specific instabilities are considered. One

class is related to a spatial anisotropy, and for the magnetospheric




parameters of interest this is typified by the Rosenbluth-Post "Loss-Cone"
instability (1965) which occurs when particles are confined in & mirror
geometry. The other class 1s the more familiar form of the two-stream
instability associated with an energy anistropy which might be produced by
a d-c electric fleld along the geomagnetic field lines (SCF, Swift, 1965a).
Such a d-c field could arise if the magnetosphere were unstable with res-
pect to fluting (Chang, Pearlstein, and Rosenbluth, 1965, Swift, 1965b)
although other sources of E” are possible. The P-11 VLF data alone cannot
be used to identify the source of the enhanced plasma oscillations, but
additional evidence which seems to support the conjecture that large elec-

tric fields exist along geomagnetic field lines is summarized.

IT. THE VLF EXPERIMENT

The orbit of spacecraft l96b-h5A has apogee near 3765 km above the
earth's surface and a perigee near 268 km, with an inclination of 960. The
initial perigee (August 15, 1964) was on the night side at a latitude near
+20° (geographic) and at & local time near 1:40 a.m. Because of the eccen-
tricity and inclination of this orbit, the normal precession in longitude

associated with oblateness of the earth was almost canceled by that change
associated with the movement of the earth around the sun, so that the
spacecraft remained at nearly the same local time. However, as time
passed, the orbital orientation did change in two ways: l) a slight drift
in local time occurred, and by 13 September 1964 the local time for
perigee was reduced to 00:59 a.n.; 2) the perigee latitude steadily
drifted southward crossing the geographic equator on 23 August 1964, and
reached -41° by 13 September 1964. Thus, the principal parameters which
change from orbit to orbit are the geographic longitude and the altitude

at which a given geomagnetic or geographic latitude is crossed.

Real-time data were acquired as the spacecraft passed over certain
tracking stations. The duration of these transmissions was generally on
the order of 5 - 15 minutes, but since the VLF experiment was assigned only
eight data points per 1.068 minutes, and since these transmissions were
taken over a few specific gecgraphical locations, it has not been deemed
worthwhile to base an extensive analysis of the data on any of these
limited real-time observations. The spacecraft did have on board a tape

recorder which periodically allowed sampling of the fields for a complete
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orbit, and our discussion will be based entirely on the tape recorded data.
The real time data have been examined, however, and it has been verified
that the tape recorded observations are quite representative of all of the

measurements.

} After about one month of operation & drift in the VCO frequency for

l the tape recorder channel involving our subcommtator points occurred, and

| only sporadic and somewhat noisy recordings were available thereafter.

| Furthermore, since the telemetry for our experiment was extremely limited,
any noise in the link (such as temporary loss of synchronism during the
tape playback) was frequently sufficient to degrade the entire recording.
Therefore, only tape recorded data for sixteen orbits during the period
15 August 1964 to 13 September 1964 are available. Some relevant orbital
parameters for these passes are summarized in Table 1. The orbits are
labeled by the perigee pass number, as given in the standard ephemeris for
1964-45A. (Some data for orbits 48, 86 were shown in SCF, but in the
earlier discussion the standardized numbering system had not been adopted,

and these were described as orbits 47, 85 respectively.)

The payload of 1964-U5A included a series of omnidirectional solid
state particle detectors furnished by Drs. Freden, Paulikas, and Blake of
the Aerospace Corporation (Freden, et al., 1965). These instruments mea-
sure fluxes of electrons with energies greater than 300 - 400 kev, and
these electron observations were kindly made available to us. The omni-
directional detector responds to both trapped and precipitating energetic
electrons, but the study of interest involves the relation between large

electric fields and precipitating particles. For this reason we have con-

fined examination of the Aerospace data to spatial regions where trapped
electrons cannot exist. In Figures 2, 4, 6, 8, 10, 12, 14, 16, vertical
lines are drawn to delineate the portions of the orbit where B (L) >

B in (L) at an altitude of 100 km (curves of B in (L) for a variety of
altitudes were supplied by Dr. J. Vette); in these regions no trapped
electrons can exist, and the Aerospace electron fluxes therefore represent
detection of precipitating particles. This comparison was possible only
for orbits 5 through 102; the mechanical subcommutator for the output
channel which contained the particle data developed a temporary malfunction
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after orbit 147, and by the time this resumed operation the VCO drift had

occurred.

As described in SCF, the experiment contains four bandpass channels
(center frequencies 1.7, 3.9, 7.35, and 4.5 kc/s; bandwidth 15% of center
frequency) plus an overcounter set to trigger at 1 volt/meter. The noise
threshold is on the order 300 - 40O uv/m for the bandpass channels, with a
dynamic range of 70 db. These field strengths are not actually absolute
values. The antenna, a single whip of length 18 inches, mounted parallel
to the spin axis of the spacecraft, is coupled to the preamplifier so that
the antenna capacitance and the input capacitance of the preamplifier form
a voltage divider. Thus, the excess charge or potential amplitude on the
antenna is actually measured. We define the indicated field strength by
Eind Leff = ﬂo, where Leff = L/2 = 0.23 meters and ﬂo is derived from
the preamplifier input voltage using the free space antenna capacitance,
Co ~ 5.5 picofarads. The ambient potential amplitude can differ from ﬂo
if the antenna capacitance in the plasma is not Co’ and Eind may differ
from the actual field strength because of any variation in the antenna
capacitance and also because the effective length may differ from L/E.
Neither of these uncertainties appears to be very serious. As we shall
demonstrate in Section III, certain features of the data indicate that no
well-defined insulating sheath formed around the antenna at the orbit of
the spacecraft, and this, in turn, strongly suggests that C and @ were
very near CO and ﬂo, respectively. The uncertainty in the effective length
cannot be evaluated on the basis of the data, or on the basis of prelaunch
calibration which involved external potentials rather than external elec-
tric fields. However, taking into account the known size of the spacecraft,
it is difficult to see how the quoted effective length can be in error by
more than 50%.

The spacecraft had on board several potential scurces of VLF inter-
ference such as the 2 kc/s square wave generator for the Aerospace Corpora-
tion Faraday cup plasma probe, and one must consider the extent to which
the VLF detector ecould be contaminated by these instruments. Extensive
prelaunch integration tests revealed that the electric field experiment
is completely insensitive to this kind of noise. In essence, the voltage
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divider input circuit produces such & high impedance that magnetic oscil-
lations cannot drive currents, while the ambient electric fleld interfer-

ence levels are well below threshold for the experiment. Of course,

dangerous to ignore the possible effect of a plasma medium which allow
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new propagating, or even growing, modes of oscillation in the VLF range.
For instance, one could imagine that the 2 kc/s generator might stimlate
ion acoustic waves in the nearly collisionless plasma and that these local
effects might contribute to the indicated field strengths in the 1.7 kc/s
channel. Furthermore, at certain places in the orbit, on-board noise
source frequencies match local resonance frequencies such as that of the

lower hybrid resonance,

f o ﬁ?—fce ;
the resonance effects could be particularly important because the group
velocity vanishes for these modes and large power levels can therefore be
built up near the spacecraft. In fact, lower hybrid resonance emissions
and the fundamental ion gyrofrequency resonance were detected on Injun III
and on Alouette I (Brice and Smith, 1964; Brice et al., 1964; Smith, et al.,
1964; Gurnett and O'Brien, 1964).

We feel that no spacecraft-stimulated emissions associated with the
ion gyrofrequency resonance were found in this experiment. During a typi-
cal orbit the ambient magnetic field varies from about 0.05 gauss to 0.5
gauss and hence the proton gyrofrequency ranges from 76 c/s to 760 c/s.
Since the supposed source of this emission (i.e., the spacecraft or its
equipment) and the receiver are in the same frame of reference, such a
signal can be detected only in a channel with significant response below
800 c/s. However, our lowest channel is centered at 1.7 kc/s, and the
sustained average 800 c/s field amplitude would have to be greater than
1 volt/meter in order to be seen above background in the 1.7 kc/s chan-~
nel. Such large coherent signals would have been detected in the over-
counter channel, and the lack of overcounter response precludes this
possibility.

-6-




The ion cyclotron harmonics with angular frequencies near n Qc,
n=2, 3, ... dc have components which can fall in the range of 1.7 ke/s,
but for the fields and densities encountered in the lower magnetosphere,
these waves primarily represent bumps or ripples in the ordinary propagating

ion wave spectrum. For example, the dispersion relations for n = 2, 3 are

(Sturrock, 1965)

)
) , Qp2 K A% sin' @ o
w ~ (20 )7 + + ... 1
- c 2 1.2 2
2 Qc - E'Qp (k~cos“8)
5 5 30 2 kLL Au sin6 6
o = (3Q)° + Pu + ... (2)

L 2 2 2
32 Qc - —9-QC Qp (9-cos8)

1
1., ,2 2 2 2 -
- = = < k < =2 A keR = .
where 3 &pA KEb, Qp by Ne /Mp’ 0 K, Op/ and k*B = kB cos 8

If Qpe/ ch is not large, then the '"resonances" are narrow and the k-depen-
dence is unimportant. This condition is indeed satisfied for magnetospheric
electrons, and sharp electron gyrofrequency harmonic resonances were detec-
ted on Alouette I (Fejer and Calvert, 1964; Sturrock, 1965). However, when
ions are considered the situation is completely different since Qp ~ M_l’2
while Qc ~ M_l, and the dispersion relations describe modes with a very
different character. When Qp > > Qc (as it is for magnetospheric protons)
the broad-band spectrum extends from O to (n Qc) and the phase and group
velocities are sizeable. Thus, these harmonic cyclotron "resonances" are
merged with the ordinary lon wave background where the dispersion relation

for parallel ion wave propagation (i x B = 0) is

1

1 Mp 1
=z > =5, 0<k<K . (3)
w e P




It will be shown in the next section that isolated single, or per-
haps double channel peaks have been detected on occasion. It is conceiv-
able that some of these represent emissions at the lower hybrid resonance
frequency (f ~ 63 B kc/s for a hydrogen plasma, where B is in gauss). How-
ever, a cursory examination of the magnetic field values at these spikes
(discussed in the text of Section III) shows that very few of these can

possibly be related to lower hybrid emissions for protons or heavier ions.

Another general point which must be discussed involves the orienta-
tion of the electric field antenna with respect to the spacecraft velocity
vector. The spacecraft traveled from south to north on the night side and
the antenna polinted within 150 of north. Thus the antenna was generally
out of the wake on the night side, but it 1is necessary to consider the
extent to which the measurements were distorted by the motion through the

plasma.

The most extensive investigation of wake effects and local distor-
tions was carried out by Samir and Willmore (1965) on Ariel. The payload
included langmuir probes which directly measured electron densities and
indirectly detected VLF electric fields in the range 2.7 - 3.7 kc/s via the
relation G'E = Lmp. One probe was mounted on the spacecraft and the other
on a 57-inch boom. It was found that the boom probe response was completely
unaffected by its orientation with respect to the spacecraft wake, sug-
gesting a wake extension of less than & few feet. The base probe did show
that a small wake region depleted of plasma exists, and when the total
density was down (i.e., when the base probe pointed in the wake) flux
oscillations were detected. Samir and Willmore speculated that ion plasma
waves were excited in the wake region. Another possible interpretation of
their result is that when most of the steady plasma component is swept out,
the part which arrives at the base probe has a higher percentage fluctua-
tion amplitude; this could mean that the weak density oscillations are pre-
sent throughout the plasma, but only observable on Ariel when the base
probe points in the depleted region. At any rate, the Ariel measurements
strongly suggest that when the VLF antenna points upstream (on the night
side) it samples fields in a plasma which is relatively undisturbed.

-8-



I1I. TAPE RECORDED DATA

The telemetry sequence for the VLF experiment was the following:
The bandpass channels were sampled in the crder 1.7; 3.9, 7.35, plus vol-
tage calibration, 14.5, 7.35, 3.9, 1.7 ke/s, with one second between
points and 1.068 minutes between each sequence. Thus the 1.7, 3.9, and
7.35 kc/s channels were sampled twice per sequence, with 7, 5, and 3
seconds, respectively, between samples. The results are displayed in
Figures (1) - (32) and the format is similar to that used in SCF. For
the three low frequency channels the first sampling in each seguence is
plotted without a heavy dot and successive first samplings are connectéd;
the vertical lines leading to points with heavy dots then show the varia-
tions in field levels over 7, 5, or 3 seconds. For each of the sixteen
tape~recorded orbits two graphs are provided. One shows the complete
response in all four bandpass channels, and the other contains only the
1.7 kc/s measurements along with ephemeris parameters and Aerospace Cor-
poration electron data, where available. It is useful to discuss the

results for each orbit individually:

Orbit 5 (See Figures 1, 2): The spacecraft entered shadow at

6:34 UT, and signal was lost before it emerged. A slight but signifi-
cant nolse enhancement appeared in all four channels as the photoflux
disappeared, and this could be taken as an indication that a sheath
formed at about 6:34 UT, causing an apparent field enhancement as dis-
cussed in SCF. However, it will be seen that the measured fields
generally show no change at all when the spacecraft crosses the termi-
nator, and it seems likely that a normal moderate noise enhancement was
coincidentally simultaneous with entrance into the shadow. This orbit
is the only one in which no fields higher than 6 millivolts/meter were
measured; it is also the only one available for comparison in which no

precipitating electrons were detected.



Orbit 10 (See Figures 3, 4): The spacecraft was in shadow between

17:11 UT and 17:40 UT. The first passage across the terminator occurred
during a quiet portion of the orbit, and clearly no change in the indi-
cated field level was measured. This strongly suggests that no sheath
corrections are required at any time since the sheath should be modified
drastically when the photoflux is turned off. The most prominent feature
of this orbit is the large field enhancement between 17:35 UT and 17:46 UT
which appears to be correlated in a complex manner with observation of
precipitating energetic electrons at the spacecraft, and at the conjugate
region some 30 - 40 minutes earlier. This four-channel noise increase
occurred over an altitude range of 300 - 950 km with B ~ 0.41 - 0.46 gauss
and L ~ 1.2 - 8; the field peaks were found at L ~ 1.k, 2.1, 6, and some
sort of anti-correlation between the field strength and the particle flux
seems to be established. However, the extremely limited telemetry
available for the VLF experiment and the lack of vector measurements pre-

cludes a detailed study of this relation (See also Orbits 21, 48, 86, 102.)

Orbit 21 (See Figures 5, 6): The spacecraft was out of shadow

between 17:02 UT and 18:41 UT. Since the terminator crossings coincided
with the start of an enhancement and with loss of signal, no statements
about sheath effects can be derived from these measurements. As before,
the prominent four-channel enhancement from 17:01 UT to 17:11 UT has a

dip which appears to be related to the detection of large fluxes of preci-
pitating electrons. The first peak at 17:01 to 17:04 UT has L ~ 450 to
650 km, B ~ 0.4k to 0.43 gauss, and L ~ 1.6 - 3.2, and the second at 17:06
to 17:11 UT has L ~ 740 to 1150 km, B ~ 0.35 to 0.42 gauss, and L ~ 4 - 16.
At the second night side auroral pass the signal was frequently missing,
but some indication of high field strengths was obtained. For orbits 10,
21 the VLF electric field signals were also compared with the response

of Aerospace Corporation Faraday cup plasma probe (Hilton, Stevens, and
Vampols, 1964). General agreement was found between the uniaxial field
measurements and the detection of fluxes of 1 - 8 kev protons; the agree-

ment was best on the night side where the VLF antenna was out of the

spacecraft wake.
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Orbit 4l (See Figures 7, 8): The spacecraft was in shadow between

17:26 and 17:45 UT. As it entered the shadow, the indicated fields again
remained fairly smooth. The four-channel enhancements at t ~ 17:32 -
17:36 UT (L ~ 500 - 80C km, B~ 0.bh gauss, L ~ 1.8 - 3.5) and 17:45 -
17:58 UT (L ~ perigee to 800 km, B~ 0.35 - 0.45, L ~ 1 - L) may be re-
lated to the adjacent observations of precipitating energetic electrons;
however, the intermittent loss of synchronism between 17:52 UT and 18:02
UT makes any comparison rather poor for this pass. The isoclated signal
spikes at 17:16 - 17:19 UT (L ~ 2100 - 1800 km, B ~ 0.24 - 0.29 gauss,
L~10-30 with L ., =~ 20) and 18:38 - 18:41 UT (L ~ 3650 km, B ~ 0.09
gauss, L ~ 1.75) were both detected on the day side.

Orbit 48 (See Figures 9, 10): The spacecraft was in shadow be-
tween 1:56 UT and 2:24 UT. Again, the first passage across the termina-

tor revealed no sharp change in the indicated field strengths. The
four-channel enhancements at 2:20 to 2:25 UT (h ~ 360 - 650 km, B ~ 0.35 -
0.38 gauss, L ~ 1.4 - 3.8) and 2:29 to 2:34 UT (h ~ 900 - 1350 Ikm,

B~ 0.37 - 0.33 gauss, L ~ 12 - 30) have the sfructure seen on orbits 10,
22; large electron fluxes are found at the dip between successive spikes,
however, it is not certain thet these electrons observed in the northern
auroral zone are actually precipitating. The large electron flux mea-
sured between 1:52 and 2:06 UT must primarily represent trapped particles
(this orbit passes over the magnetic anomaly). It is noteworthy, how-
ever, that a significant two-channel rise at 2:06 to 2:08 UT (h ~ 370 -
515, B ~ 0.24 gauss, L ~ 1.3) appears to be associated with the edge of
the radiation belt. The isolated spikes at 1.53 UT and 3:07 UT have

h ~ 1500 km, B ~ 0.26, L ~ 7.3, and h ~ 3600 km, B ~ 0.09 gauss, and

L ~ 1.52, respectively. This pass is of interest because gquite moderate
fields were measured when the antenna encountered both the highest
density at perigee, and the highest flux of trapped particles near apogee
(see also Figure (6), SCF). Thus, it is highly unlikely that shot noise
in the antenna contributes significantly to the indicated noise fields.

=11~



Orbit 65 (See Figures 11, 12): The spacecraft was in shadow be-

tween 14:03 UT and 14:31 UT, and the first passage across the terminator
was roughly coincident with a moderate decrease in the background field
intensity. Since the hypothetical night side sheath formation should re-
sult in an increase in the indicated field strength, these observations
also support the contention that no sheath corrections are required. The
broad four-channel noise increase at 1lk:1L4 UT to 14:20 UT appears to be
assoclated with passage through the ionosphere (h ~ 418 km to perigee,

B~ 0.3 -0.38 gauss, L~ 1 - 1.3). In the northern auroral region there
was considerable loss of signal, but the four-channel data appear to indl-
cate that a significant noise enhancement was present between 14:28 UT and
14:38 UT (h ~ 430 km to 1100 km, B ~ 0.34 to 0.37 gauss, L ~ 1.k - 8); it
would seem that these results are not inconsistent with those obtained on
orbits 10, 21, 48, with respect to the relation between VLF field strengths
and precipitating electron observations, but the electron fluxes in the
southern region are clearly unrelated to our measurements of E parallel

to the spin axis.

Orbit 86 (See Figures 13, 1k): This orbit during a magnetically

quiet period is unique in several respects. The 76 millivolt/meter field
is the largest seen in the normal channels during the lifetime of the
experiment; the night side noise enhancements and the precipitating elec-
tron fluxes extend over an enormous region, and on the northern night
side auroral pass the 3.9 and 7.35 kc/s noise signals are consistently
more intense than the 1.7 kc/s fields. The first large enhancement in
the two lowest frequency channels at 10:34 to 10:41 UT occurs at an alti-
tude renge of 1000 - 1650 km (B ~ 0.28 - 0.36 gauss, L ~ 3.3 - 9.5). The
76 millivolt/meter peak at 10:39 has h ~ 1200 km, B ~ 0.34, L ~ 4.6, and
the remaining part of this large noise signal (to 10:41 UT) appears to be
coincident with & dip in electron flux. As in orbits 10, 21, and 48, the
subsequent dip in field strength (10:42 - 10:44 UT) occurs where the
electron flux peaks. Near perigee the relation between E and Je is not
clear. The huge electron fluxes at low altitudes between 10:52 and 11:05
UT are accompanied by significant rise in the 3.9 and 7.35 kc/s fields,
and between 11:12 and 11:20 UT (h ~ 920 - 1600 km, B ~ 0.37 - 0.30 gauss,

=12~



L ~ 4.9 - 20) exceptionally large fields are found in all high frequency
channels, but only moderate signals occur at 1.7 ke/s. In this connection,
it is perhaps worth stressing again that this VLF experiment is only cap-

able of measuring the component of E parallel to the spin axis.

vvvvv 3=

The indicated field strength is actually a one-second average
derived by multiplying the measured potential amplitude by the idealized
effective length, Leff ~ 0.23 meter. For this kind of noise, the true
peak potential, Zp, mist be at least three times the indicated average,
and thus the 76 millivolt/meter measurement implies eﬂp > 52 millivolts.
Since the electron thermal energy is only about 170 millivolts at
h ~ 1200 (T~ 2000k}, ef exceeds 0.3 kTe, which is close to the
theoretical maximum (see SCF). If this deduction is correct, we might
expect to see very short wavelength fields with mich larger magnitudes;
i.e. EP ~ Kb ﬂp vhere Kb is the Debye wavenumber. Thus, if Kb-l ~ 1 cm,
ﬂp ~ 50 millivolts, EP ~5 volts/meter. In fact, these large amplitude
short wavelength fields may have been detected on occasion in the P-11
overcounter channel. As mentioned in SCF, the overcounter was set to
trigger at a threshold of 1 volt/meter. Although the frequency of a con-
tinuous coherent large amplitude signal would be indicated in this chan-
nel, a short duration pulse would merely produce an output to signify
that the signal had been received. Overcounter responses of the latter
type were found from time to time, but no large amplitude signals of
sufficiently long duration were ever detected. This suggests strongly
that any fields with E > 1 volt/meter had A << 1 gp SO that the con-
ditions for constructive interference on the "long" antenna were only

established momentarily.

Orbit 102 (See Figures 15, 16): On this pass the perigee oc-

curred near the geographic equator and hence the antenna pointed in the
direction of motion over & large portion of the night side pass. Because
of the symmetry, the terminator crossings occurred near the active auroral
or polar zones (shadow between 20:40 UT and 21:08 UT). The rather strong
spike at 20:39 UT to 20:41 UT (h ~ 900 - 1100 km, B ~ 0.36 - 0.37 gauss,

L ~ 8.6 - 26) might appear to be related to the next enhancement at 20:46
to 20:50 UT (h ~ 370 - 600 km, B ~ 0.36 - 0.37 gauss, L ~ 1.5 - 3) to

-13-



form a double peak structure as in orbits 10, 21, 48, and 85, and some
precipitating electrons are actually found in the dip region between 20:41
and 20:46 UT. However, the possible relations are not clearly defined by
these uniaxial field measurements, and the severe telemetry limitations
also restrict the interpretation. The more moderate broad rise between
21:00 and 21:10 UT (L ~ 320 km to 900 km, B ~ 0.34 - 0.37 gauss, L ~ 1 -

3.4) may also have a double peak structure.

Orbit 157 {See Figures 17, 18): The spacecraft entered the

shadow at 19:38 UT and emerged at 20:06 UT. There were no sudden changes
in the indicated flelds as the spacecraft entered shadow, but as it was
emerging the instrument appeéred to detect the fairly common dip between
successive peaks. This structure at 20:02 - 20:10 UT was found at

L~ 1.3 -3.8, h~ 500 - 1200 km, B ~ 0.37 - 0.34 gauss. The most pro-
minent feature of this record is obviocusly the very strong four-channel
enhancement near perigee ( t ~ 19:47 - 19:52 UT, h ~ 360 - 275 km,

B ~ 0.43 - 0.36 gauss), but the moderate three-channel dayside peak at
20:26 - 20:30 UT (h ~ 2500 - 2800 km, L ~ 80 - 1k with Loeax = 205

B~ 0.22 - 0.20 gauss) is also noteworthy. For this orbit and the remain-

ing ones no electron date are availeble.

Orbit 167 (See Figures 19, 20): The spacecraft entered the
shadow at 16:52 UT and emerged at 17:51 UT. Once again, there were no
sudden changes in the indicated fields assoclated with a change in the

photoflux. The 1.7 kc/s response was relatively quiet; however, a
somewhat unusual four-channel enhancement occurred between 17:00 and
17:05 UT (altitude range 400 km to perigee, B ~ 0.5 - 0.4 gauss), and an
enhancement appeared primarily in the mid-frequency channels at 16:56 -
16:59 UT (h ~ 615 - 450 km, B ~ 0.49 - 0.51 gauss, L~ 6 - 3). The
largest 1.7 kc/s rise at 17:22 - 17:27 UT was found at an altitude of
1000 - 1400 km (B ~ 0.36 - 0.31 gauss, L ~ 2.6 - 5.3).

Orbit 202 (See Figures 21, 22): The spacecraft was in shadow
between 19:13 and 19:42 UT, and the first passage across the terminator
clearly shows that no sheath corrections influence the indicated field
levels. The first four-channel noise increase at 19:22 to 19:30 is
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again associated with passage through the ionosphere (n ~ 350 km to peri-
gee, B~ 0.45 - 0.33 gauss, L~ 1 - 2.2) and the night side auroral enhance-
ment at 19:38 - 19:48 UT (h ~ 740 - 1600 km, B ~ 0.29 - 0.35 gauss,

L ~ 1.3 - 6.2) is gquite moderate. The day side spike is at 20:05 to

20:10 UT (h ~ 2930 - 3200 km, B ~ 0.16 - 0.19 gauss, L ~ 7.6 - 25).

Such signals were seen more frequently in these later passes as perigee

drifted southward.

Orbit 207 (See Figures 23, 24): The terminator crossings occurred
at 5:50 UT and 6:19 UT, but the fields were moderately disturbed at both

times and nothing can be stated concerning sheath effects. The extremely
large enhancements between 6EOO and 6:12 UT are clearly ionospheric

(h ~ 350 km to perigee, B ~ 0.24 - 0.36 gauss, L ~ 1.2 - 1.6); it is
worth noting that the individual peaks are not symmetric about perigee
(at 6:02 UT, h = 276 km, B = 0.237 gauss, while at 6:075 UT, h = 343 km,
B = 0.295 gauss). There is some evidence for a very moderate noise
increase in the northern auroral zone, but the large signals at 6:24 UT
to 6:29 UT are clearly polar (h ~ 1500 - 1900 km, B ~ 0.32 - 0.27 gauss,
L ~ 18 - 124). The isolated 7.35 kc/s 22.1 millivolt/meter signal was
detected at an altitude of 3400 km, with B = 0.11 gauss, L = 1.6k,

Orbit 217 (See Figures 25, 26): On this relatively quiet pass
the spacecraft entered shadow at 3:05 UT and emerged at 3:34 UT; again

no sharp changes in indicated field levels are associated with these
times. The four-channel enhancement at t ~ 3:08 - 3:17 UT had h ~ 542 Ym
to perigee, B ~ 0.27 - 0.22 gauss. The auroral enhancement at L ~ 6 -7
occurred mainly in the 3.9 and 7.35 kc/s channels (t ~ 2.59 - 3:05 UT,

h ~ 1200 - 730 km, B ~ 0.35 - 0.31 gauss) and the parameters for the
isolated 3.9 kc/s peak at 3:40 UT are h ~ 1650 km, B ~ 0.29 gauss,

L ~22,

Orbit 262 (See Figures 27, 28): This complex recording was taken

during the early hours of a moderate geomagnetic disturbance and several

kinds of noise bursts were detected. The terminator crossings occurred

at 2:40 and 3:09 UT and the enhancement between 2:42 and 2:55 UT is

clearly ionospheric (h ~ perigee to 500 ¥m) . Perhaps the most interes-

ting evenis are the day side auroral enhancements at 2:17 to 2:25 UT
-15-




(b ~ 1740 to 2470 km, B ~ 0.2 - 0.31 gauss, L ~ 2.7 ~ 11.7; large fields
in the higher frequency channels only) and at 3:32 to 3:36 UT (h ~ 3140 -
3340 km, B ~ 0.15 - 0.17 gauss, L ~ 4.2 - 6.4; primarily 1.7 kc/s noise).
The 1.7 kc/s spike at 3:13 ~ 3:15 UT was detected at an altitude of 1600 -
1800 km with B ~ 0.28 gauss and L ~ 8 - 18. '

Orbit 267 (See Figures 29, 30): These data represent the only

measurements taken while a moderate geomagnetic storm was in progress,

and all four passes through the auroral regions show some noise enhance-
ment. On the first daylight pass at 12:05 to 12:07 UT (h ~ 3275 - 3410 km,
B ~ 0.15 gauss, L ~ 4.7 - 6.3) a very modest field rise is apparent. The
southern pass occurs some 66 minutes later and at a completely different
altitude (for t between 13:06 and 13:12 UT, h ~ 900 - 1460 km, B ~ 0.2k -
0.39 gauss, L ~ L4 - 10.5) and this traversal is marked by the unique
detection of sustained high fields in the 3.9 kc channel. (It should be
apparent that most noise enhancements detected on 1964-USA have a very
different character involving large fluctuations from high to near back-
ground levels.) The lack of any simultaneous activity in the 1.7 kc/s
and 14.5 kc/s channels is quite unusual (however, see orbits 86, 217).

On the next (night-side) auroral pass at 13:15 to 13:20 UT (h ~ 420 -

750 km, B ~ 0.4l - 0.51 gauss, L ~ 4.4 - 12.9) the enhanced noise does
appear in all four channels, and a more moderate four-channel rise 1s
agein present at 13:47 - 13:53 UT (L ~ 1340 - 1940 ¥m, B ~ 0.26 - 0.28
gauss, L ~ 2.1 - 5.9). The characteristic broad perigee rise in field
level was again detected, and the isolated 1.7 kc/s spike at 13:21 -
13:24 UT occurred at an altitude of 300 - 407 km with B = 0.49 - 0.51
gauss and L = 2 - 4. The terminator crossing times were 13:17 and 13:47
uT.

Orbit 339 (See Figures 31, 32): The spacecraft was in shadow
between 22:12 UT and 22:43 UT. Because the perigee had precessed so

far to the south, the entrance into shadow, the approach to perigee,

and traversal of high L-values coincide on this pass. The prominent
our-channel enhancement at t ~ 22:10 - 22:20 UT occurred for h ~ 550 km -

perigee, L ~ 26 - 2.4, B ~ O.44 - 0.3 gauss, but the peak fields were

measured at L = 4 - 6. The other night side enhancements were detected
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only in the 1.7 kc/s channel. For t ~ 22:28 - 22:33 UT, h ~ 500 - 850 km,
B~ 0.26 - 0.24 gauss and L ~ 1.1, while for t ~ 22:4k - 22:46 UT, h ~ 1700 -
2000 km, B ~ 0.23 gauss and L ~ 3 ~ 5. The day side enhancement at

t ~ 23:00 - 23:05 UT had h ~ 3000 - 3300 km, B ~ 0.19 - 0.17 gauss and
L~ 39 - 34,

ILater Orbits: After approximately 4OO orbits the VCO drift oc-

curred and only a few useful conclusions can be derived from the subsequent
measurements. In particular, late in November, 1964, the orbit had pre-
cessed sufficiently so that apogee was on the night side, with the antenna
out of the spacecraft wake. Several fragmentary recordings reveal the
following features: 1) Ihé background field levels in all four chan-
nels generally remained near 1 - 2 millivolts/meter, but on occasion the
instrument noise level (317 - 400 microvolts/meter) was detected simul-
taneously on all four channels. (These very low field strengths were
never measured during the period 15 August to 13 September.) 2) The
double~hump structure in the 1.7 kc/s channel was again found vhen the
spacecraft passed through the radiation belts near apogee. The persis-
tent form of this profile suggests that wake effects introduce no new
oscillations, but merely change the coupling between the antenna and the
ambient plasma. 3) Relatively intense isolated noise bursts were seen

more frequently in the mid-frequency channels during these later passes.

Iv. DISCUSSION

The most important results of the VLF electric fileld experiment
or 1964-45A involve the measurements of sustained background field levels
with E~ 1 - 2 millivolts/meter in all channels, the detection of frequent
and persistent enhancements with E(1.7 kc/s) ~ 20 - 75 millivolts/meter,
and the observation that an abrupt change in the photoflux is not
generally associated with a change in field level.

The customary smoothness of the field contours in the region of
the terminator indicates that local field enhancement associated with
the plasme sheath (SCF; Hall, Kemp, and Sellen, 1964) is minimal, and
this in turn implies that the discussion in SCF based on correction fac-
tors of 0.33 to 0.2 was much too conservative. That is, the disparity
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between the measured background field strengths and those anticipated on
the basis of E = cB/n, where B < 10-3 v and n ~ 50 (f = 1.7 kc/s), now
appears to be at least two to two and one-half orders of magnitude,
rather than the factor of 60 quoted in SCF. We again conclude that

most of the measurements represent detection of short wavelength electro-~
static oscillations.

The apparent background amplitude is, in fact, somewhat higher
than the minimm or equilibrium value of E calculated in SCF using the
Rostoker (1961) formuila

2
Fo_ 1 3% % A
Brr (2m)3 Jd 2 (k2+KDa) ’ (%)

even when Doppler broadening is taken into account. Several natural
explanations for this difference are available. For example, the col-
lisionless plasme in the geomagnetic dipole field should have a velocity
distribution wvhich is anisotropic because of the existence of a loss cone.
For Qp << Qc a very moderate spatial anisotropy gives rise to the Harris
type of instability (1961), which is essentially of the two-stream
variety producing growing electrostatic resonances at w = n Qc. However,
for Qp >> Qc (as in the magnetosphere), this instability is transformed
and growing ion acoustic waves are produced with a peak near the ion

plasma frequency (Rosenbluth and Post, 1965).

The discussion of individual orbits in Section III shows that
the enhanced flelds occur at a great variety of altitudes, latitudes,
and geomegnetic field values; however, several general geophysical
regions along the polar orbit appear to be favored sources for this
kind of activity. Specifically, greatly enhanced noise levels are
frequently encountered in the upper ionosphere (h ~ 270 - 500 km), near
the auroral regions (L ~ 4 - 8), and near the poles (L > 12). The peak
noise strengths are generally mch greater on the night side than in
sunlight, and the enhanced field vamlues exhibit very rapid amplitude
fluctuations, rather than sustained high levels.
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The fact that the enhanced noise fields appear as & sequence of
bursts is consistent with the conjecture that the upper ionosphere and
the magnetosphere are near some state of marginal stability with respect
to production of plasma oscillations. That is, instabilities generally
have self-quenching characteristics so that they become stabilized near
marginal stability some time after triggering, allowing subsequent repe-
titions of the triggering sequence. (See, for instance Figure (8) in
SCF.) In order to test this conjecture we note that slow, short wave-
length electrostatic oscillations can produce high energy electrons
and protons via a gyrofrequency resonance (Fredricks, et al., 1965;
Fredricks, 1965) and hence if the measured fields represent ion waves,
we should expect to find bursts of high energy particles in similar
regions. Indeed, recent observations of E > 40 kev electrons (McDiarmid
and Burrows, 1965) and E > 180 ev electrons (Sharp, et al., 1965) do
reveal a structure composed of narrow intense spikes, and X-ray emissions
from auroral regions (Brown, et al., 1965) also have the nature of
separate outbursts. In fact, studies of auroral energy spectrums in
the range E ~ 4 - 100 kev (Westerlund, et al., 1965; Laquey, et al.,
1965) show extremely large and rapid fluctuations in the spectral
characteristiecs.

A full identification of the source of the field enhancements
requires much more information than is avallable from the uniaxial VLF
experiment alone. For instance, in the upper ionosphere where col-
lisions might still be significant the large field strengths could be
produced by electrons streaming across geomagnetic field lines via the
collisional instability discussed by Buneman (1963) and Farley (1963).
However, these perigee enhancements could also be produced by a runaway
phenomenon associated with the presence of d-c¢ electric fields parallel
to the geomagnetic field lines. There is some evidence to support the
second interpretation. Perkins, et al. (1965) recently detected the
presence of weakly damped or enhanced electron plasma oscillations at
h ~ 150 - 600 km using incoherent backscatter of the Arecibo radar
signal. The enhanced levels above 300 km revealed that fast electron
streams vwere radiating non-thermal plasma oscillations by the Cerenkov

mechanism; the generation of both electron and ion plasma oscillations
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is a characteristic of the runaway process, but not of the Buneman-Farley
instability.

Similarly, we must turn to other measurements to interpret the
large auroral and polar noise signals. Once agasin recent observations
of a~c field levels at f = fpe suggest that d-c electric fields parallel
to geomagnetic field lines induce runaway. Huguenin, et al. (1964) found
very large electric field bursts at 0.7 Mc/s in a reglon where fpe ~
0.7 Mc/s and Scarf and Fredricks (1965) interpreted this as a direct
measurement of the ambient electrostatic wave. On Electron -2,
Benediktov et al. (1965) found sporadic electric fields at 0.725 Mc/s
which were hore than two orders of magnitude above the "cosmic" back-
ground. These generally had the "character of separate outbursts" and
they were "well correlated with the appearance of flows of low energetic
electrons (E > 100 ev)". Finally, O'Brien (1964) has shown that certain
features of the Injun 3 electron measurements are consistent with the
assumption that splashy precipitation is caused by temporary d-c elec-
tric fields parallel to B at high altitudes, and Swift (1965 a, b) has
discussed this interpretation in some detail.

A possible source of magnetospheric electric fields alaong the
geomagnetic field lines is assoclated with the flute instability. Swift
(1965 b) considered a dynamical mechanism for magnetospheric charge
separation electric fields in which particle injection on the day side
of the magnetosphere, and particle losses on the day and night side com-
bine to maintain & higher dayside population of trapped particles. It
was suggested that the asymmetric ring current is unstable with respect
to fluting and that thermal energy in the ring current is converted into
Plasma streaming which leads to auroral breakup, primarily on the night
side.

A general discussion of the natural stability of the quiescent
axially symmetric magnetosphere with respect to fluting was also recently
presented by Chang, et al. (1965). Using the zero temperature conduc-
tivity tensor, the Liemohn and Scarf (1964) electrom denmsity distribu-
tion, N_ (r) ~ r'3, and their estimate of & low electron temperature, it
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was concluded that ionospheric current systems can readily stabilize the
flute on the day side, but that the night side conductivity is such that
the magnetosphere might be near marginal stability at all times. In fact,
there are several reasons for believing that these stabilization calcula-
tions are overly optimistic: 1) The zero temperature conductivity is
certainly an overestimate because plasma oscillations are readlily generated
in a warm plasma and these waves limit the current flow. In low density
laboratory experiments the flute has never been stabilized by inserting
grounded conducting end plates aslone (W. Bernstein, private communica-
tion) and the question of stabilization by a low density conducting
plasma is still open; 2) the whistler-derived density profile may be much
closer to r-h than to r 3 (D. Carpenter, private communication), and Swift
(1965 b) has noted that the r-h decrease is essentially one of marginal
stability; 3) Chang et al. assumed Né ~ r-3 throughout the magneto;phere
vhereas the whistler analysis of Liemohn and Scarf only covered the

range 2R, < r < k.5 R_. However, as Swift pointed out, any discontin-
uity in the distribution could produce an overstability. Actually, there
is considerable evidence for the existence of such a discontinuity near

L ~ U4 - 8 from analysis of "knee" whistlers (Carpenter, 1963; also pri-
vate commnication). Indeed, the existence of a permanent, but moveable
"knee" in the distribution may be taken as an indication that a more or
less continuous instability controls the loss of magnetospheric plasma;

4) Chang et al. assumed that the magnetospheric plasma is relatively
cold, but Serbu (1964) found that the fraction of "hot" to "cold" elec-
trons rises rapidly in the outer magnetosphere.

Other evidence for the dumping of soft electrons just beyond the
4O kev electron trapping boundary was recently presented by Fritz and
Gurnett (1965), and all of these facts suggest that flute instabilities
do limit the content of the magnetosphere and generate d-c electric fields
along magnetic field lines. These in turn can then produce large ampli-
tude plasma oscillations, superthermal particles (via the cyclotron
resonance mechanism), and ultimately the aurora. However, the above
conclusions are quite tentative, and considerable caution must be

exercised in interpreting the observations. It has been pointed out
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(Bernstein et al. 1965) that very similar phenomena are observed not only
in the flute unstable low density laboratory mlirror machines (Phoenix IA
at Culham, Alice at Livermore, and Ogra at Moscow) but also in the flute
stabilized devices (DCX I and II at ORNL and the stabilized Alice and
Ogra). In all of these experiments Qc > QP and @, = Qc, so that spatial
anisotropies produce electrostatic cyclotron resonances rather than ion
waves, and these modes are indeed observed as a series of discontinuous
bursts which occur in association with production of high energy protons
and precipitation of electrons and protons with large v“. The similarity
between the flute stable and unstable devices with respect to bursts of
electrostatic waves, acceleration, etc., suggests that these phenomena
are produced in association with a plasma instability which is not driven
by the flute. Moreover, even for the flute-stabilized devices, signifi-
cant evidence for the existence of large d-c electric fields along the
magnetic field lines is available, but the origin of these parallel fields
is not understood (Bernstein, 1965).
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Figure 1.

VLF electric fields measured on orbit 5. The
continuous lines connect samples measured once
every 1.068 minutes. On the three lowest fre-
quency channels the vertical lines connect the
first sample in each 1.068 minute sequence with
a reading taken 7, 5, or 3 seconds later (f =
1.7, 3.9, 7.35 kc/s, respectively). Further
comments about the data are contained in the
text.
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Figure 8. Data for orbit number 44 in same format as Figure 2.
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Figure 13. Data for orbit number 86 in same format as Figure 1.
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